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1. Introduction 
In the past decade, US military operations have relied heavily on forward operating bases (FOBs) 
to accomplish missions abroad.  FOBs provide unique challenges to safe supply and disposal of water 
and wastewater.  Most FOBs have potable water supplied by delivery trucks (Moore 2011; Noblis 2010), 
for a variety of functions ranging from human consumption to hygiene to equipment cleaning.  Water 
transport accounts for 80-90% of fuel consumption and transportation costs to FOBs (Noblis 2010).  
These bases produce two grades of wastewater:  graywater and blackwater.  Graywater is defined as 
wastewater from laundries, wash basins, and showers, often with low microbial and organics 
concentrations.  Blackwater is wastewater from toilet facilities and kitchen wastes, which contain higher 
concentrations of microbial and organic contamination.  Depending upon the base size and maturity, 
FOBs use a variety of wastewater treatment processes ranging from the most primitive (i.e., latrine pits 
and chemical latrines) to more conventional treatment systems (i.e., activated sludge processes).   
To reduce costs, the US military is exploring emerging technologies for onsite water and 
wastewater treatment.  One suggested technology, microbial electrochemical cells (MXCs), utilizes 
anode-respiring bacteria (ARB) to consume organic contaminants and respire electrons to an anode.  The 
electrons travel through a circuit to a cathode, where oxygen is reduced to a variety of co-products 
including electricity, water, hydrogen gas, and hydrogen peroxide (H2O2).  Few life cycle assessments 
(LCAs) have been performed on the MXCs.  Pant et al. discuss critical parameters to include in a LCA of 
MXCs.  Foley et al. (2010) used MXCs to produce electricity or co-products from wastewater and 
concluded that MXCs used for H2O2 generation have the potential to lower environmental impacts more 
than traditional anaerobic digestion or MXCs used exclusively for electricity production. 
The objective of this work is to perform LCAs three wastewater treatement alternatives at 
battalion-sized (500 soldier) FOBs.  Three systems will be explored ( 
 
 
 
 
 Figure 1): traditional wastewater treatment of combined blackwater and graywater streams using 
activated sludge and anaerobic digestion (the status quo); MXC treatment of blackwater to produce H2O2 
for disinfection of blackwater and graywater; a hybrid system of blackwater treatments with MXCs to 
produce electricity with graywater disinfection using H2O2 produced offsite.  Environmental impacts are 
assessed using Impact 2002+ midpoint and endpoint categories, primarily reported for human health and 
environmental impacts.  Uncertainity analysis is performed using two techniques.  First, a pedigree matrix 
is developed to identify the highest areas of uncertainties in data.  Second, a sensitivity analysis is used 
to explore the effects on endpoint categories from varying transportation distance, the percentage of 
wastewater that is reused as nonpotable water, and coagulant doses. 
2. Methodology 
2.1 Process Descriptions 
 Resource dependence of forward operating bases (FOBs) has becoming an increasingly 
important sector of research for military operations (Noblis 2010).  For a battalion-size FOB servicing 500 
soldiers, potable water is supplied in single-use water bottles on a palletized load system truck (PLS) or 
semi-trailers outfitted with 5000-gal fabric water tank (SMFT) (Dusenbury 2003; Moore 2011; Noblis 
2010).  These trucks have relatively low fuel efficiencies at 3 mpg (1.28 km/L) for the PLS and 1 mpg 
(0.43 km/L) for the SMFT (U.S. Army).  Besides drinking, potable water is used in a variety of structures 
at the FOB besides drinking, including laundry facilities, kitchen facilities, shower facilities and latrines.  
Wastewater is pumped from these different locations to centralized collection points.  Battalion-sized 
FOBs store wastewater in 75.7 m3 water storage bladders until it can be shipped offsite for treatment or 
transferred to an aerated lagoon for biodegradation (Dusenbury 2003; Moore 2011). 
Strategic Environmental Research and Development Program (SERDP) project ER-2239 is 
exploring the use of MXCs systems for wastewater remediation and potable water production at FOBs 
(SERDP 2014).  The wastewater is treated using one of three processes (Figure 1a-c):  a traditional 
activated sludge/anaerobic digestion process that produces methane for energy recovery; a MXC that 
treats blackwater and produces H2O2 to disinfect graywater; and a hybrid process that uses a MXC to 
treat blackwater and produce electricity but uses industrially-supplied H2O2 for graywater disinfection.  For 
option 1, treated wastewater is discharged to nearby lands.  For the other options, treated wastewater is 
 utilized for potable and nonpotable reuse.  Sludge is landfilled within 5 km of the FOB.  For all options, 
treated wastewater meets the U.S. EPA’s minimum discharge standards of 85% removal of COD and less 
than 30 mg/L of suspended solids (U.S.EPA 2008). 
 
(a) 
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Figure 1.  Systems for LCA.  (a) The traditional wastewater treatment system.  (b) The MXC system with 
H2O2 production.  (c) The MXC system with energy production.  Starred processes are omitted from the 
LCA. 
Water utilization at FOBs varies depending upon its size and population (Moore 2011; Noblis 
2010).  For this analysis, it is assumed that potable water is distributed to FOBs in the forms of bottled 
water on PLSs and semi-trailer mounted fabric potable water tanks on SMFTs.  Based on data compiled 
 by Noblis (2010), a battalion-size FOB is generally commissioned for 6 months to 2 years of operation.  
The U.S. Army’s Field Manual and USAREUR Blue Book dictate 227 L/d (60 gal/d) of potable water be 
available per soldier.  Approximately 22.7 L/d of bottled drinking water is consumed per soldier, and the 
remainder is used for secondary purposes including showering, food preparation, laundry, etc. (Noblis 
2010). The same amount of drinking water is supplied as bottled water for each LCA scenario and, 
therefore, is omitted from the LCA.  The remaining 205 L/d/soldier of required potable water is transported 
to the FOB using 5.3 semi-trailers mounted with 5000-gallon fabric tanks (Moore 2011).  Consequently, 
500-soldier FOBs produce 11.3m3 of blackwater and 54.8 m3 of graywater per day (Noblis 2010).  
Unaccounted for water is lost to perspiration (~11 L/d/soldier) (MedLine Plus) and daily activities including 
equipment cleaning and grounds maintenance (Noblis 2010; Fifty 2008).  A typical blackwater COD 
concentration is 170 g/person/day (USDA 1992).  The graywater concentration is 38 g COD/person/day 
(U.S. EPA 2008; Metcalf & Eddy 2003).   
 
 
 
 
 
Figure 1a depicts the status quo scenario for wastewater treatment:  a traditional activated sludge 
process coupled with anaerobic digestion to treat combined blackwater and graywater waste streams 
(abbreviated as AS-AD) (Metcalf & Eddy 2003).  Wastewater is collected in 75 m3 (20,000 gallon) water 
storage bladders and pumped through a bar screen to a primary settler, where additional sludge is 
removed and diverted to the anaerobic digester.  Primary settler effluent is transferred to an aeration tank 
for COD removal and a secondary clarifier for particulate settling.  Sludge produced at all phases of the 
activated sludge process is transferred to the anaerobic digester, where complex organics are converted 
to methane gas.  For this system, methane gas is combusted to produce ~7kW electricity.  Typical 
coagulant doses are applied to each settler of 30 mg/L ferric chloride (FeCl3) and 100 mg/L of cationic 
polymer coagulant (PC) (Metcalf & Eddy 2003). 
 Option 2 ( 
 
 
 
 
Figure 1b) performs blackwater treatment with MXCs to produce H2O2, which is then used to 
directly disinfect graywater (referred to as MXC + H2O2).  The MXC consists of three components: a 34 
m3 anode chamber, a 4.5 m3 cathode chamber, and a membrane to separate the chambers.  The anode 
is made of carbon fiber weaved onto a titanium plate with a surface area of 1360 m2.  The cathode is 
1360 m2 of 30% wet-proofed carbon cloth treated with a solution of 680 g of graphic powder, 5.84 kg of 
Nafion (sulfonated PTFE) ionomer, 6.8 L of 98% purity isopropanol, and 20.4 L of deionized water.  A 130 
μm thick anion exchange membrane (similar to fumasep® FAA) with a surface area of 1360 m2 separates 
the cathode and anode chambers.  The SERDP proposal predicts that the MXC system produces 
electricity at a current density of 244 A/m3 and 0.15V which is ideal for H2O2 production (Fu et al. 2010; 
Rozendal et al. 2009) with a 70% coulombic efficiency.  The electrical energy is transferred to the 
cathode, producing 127 kg/day H2O2 for a 500-soldier FOB.  For the 54.8m3 of graywater treated daily, 
this equates to ~3.3 times the amount of H2O2 required to achieve at least 92% COD removal and 100% 
color and odor removal (Badawy and Ali 2006).  Treating the graywater directly in the cathode maximizes 
H2O2 disinfection efficiency while eliminating the need for additional electrolytes to enhance ion transport 
between chambers.  The effluent from the anode and cathode chambers is combined in a 40 m3 water 
storage bladder for a 12-hour residence time for disinfection.  For this scenario, all the wastewater can be 
reclaimed as nonpotable water, decreasing the amount of water shipped to the FOB to 1.7 SMFTs (3.6 
fewer SMFTs per day).  Option 1’s coagulant doses are applied to each settler. 
Option 3 ( 
 
 
 
  
Figure 1c) is a hybrid process that combines MXCs for blackwater treatment and electricity 
production with industrially-produced H2O2 for graywater disinfection (abbreviated as MXC + electricity).  
Option 3 uses the same MXC technology as Option 2, but produces 102 kWh/d of energy for a 500-
soldier FOB when the fuel cell is operated at 0.5V.  This voltage varies from option 2 as it is a reasonable 
for energy production from MXCs but too high for H2O2 production (Torres 2012; Foley et al. 2010; Fu et 
al. 2010).  Like Option 2, the blackwater and graywater are stored in a 40 m3 water storage bladder for a 
12-hour residence time for disinfection (Wagner et al 2002).  Based on a safety factor of 2, 73 kg/day of 
0.5% H2O2 must be shipped to the FOB to disinfect the combined blackwater and graywater streams. Like 
Option 2, all the wastewater is used as nonpotable water, reducing the number of potable water SMFTs 
shipped to the FOB to 1.7. Like Option 2, reusing the wastewater requires 3.6 fewer water trucks per day 
be transported to the FOB.  It is assumed that 10 L/d of sodium hydroxide and hydrochloric acid are used 
for pH control in MXC systems.  Option 1’s coagulant doses are applied to each settler.  
2.2 Life Cycle Methodology 
 This analysis follows four stages of an attributional LCA as defined in ISO 14040 standards:  (1) 
definition of goals and scope; (2) life cycle inventory (LCI) analysis using various databases available in 
SimaPro 8.0.1; (3) life cycle impact assessment (LCIA) using Impact 2002+ v. 2.11; and (4) interpretation 
of results.  The LCI and LCIA were completed in SimaPro 8.0.1 using Ecoinvent 2.0 and 3.0 databases 
and rest of the world (RoW) data sets when available.   
2.3 Goal and Scope Definition 
 The goal of this work is to compare the environmental impacts of the three wastewater treatment 
processes at a FOB located 150 km from a distribution center.  The functional unit chosen is one cubic 
meter of effluent wastewater produced during the two years the FOB is operational, which is the 
maximum operational time frame specified by the U.S. Army (Noblis 2010).  The time frame 
encompasses wastewater treatment process construction and FOB operation and neglects 
decommissioning and warfare losses.  The system boundary (Figure 2) is a cradle-to-gate analysis of 
capital and supplies distribution to the FOB through treatment for a distribution center through wastewater 
treatment.  The system foreground includes the distribution of capital, supplies and water to the FOB, 
 water consumption, and wastewater treatment processes.  Background processes include the materials, 
energy, transport and waste from capital goods manufacturing (including truck, water tank, and chemicals 
manufacturing) and transportation to and from the FOB.  It is assumed that a new water bladder is used 
for each shipment to the FOB.  This analysis neglects waste disposal, as sludge production is expected to 
be less than one ton per year.  Piping is omitted, as it is expected to have minimal impact on assessment 
outcomes (Foley et al., 2010; Torres 2012).  Transportation from the site of capital and chemical 
manufacturing to the distribution center is neglected, as the locations of military operations vary 
significantly.  Replacement parts for the wastewater treatment components should not be required as all 
components should have a two-year minimum lifespan. 
2.4 Life Cycle Inventory 
Life cycle inventory is performed using SimaPro 8.0.1.  For all options, detailed construction and 
operations information is supplied in the Supporting Information Tables SI1 and SI2.  All water bladders 
composed of nylon fabric coated with polyurethane for strength (Seaman Corporation 2004).  When 
required, the operational phase uses a diesel-fueled electric generator set for onsite energy production.   
The foreground life cycle inventory for Option 1 is based on process design using the Combined 
Activated Sludge-Anaerobic Digestion Model for wastewater treatment (Young et al. 2013) and Foley et 
al. (2010).  Construction phase data is obtained from SimaPro based on US national averages for 
manufacturing materials and electricity mix.  The clarifier is dosed with 30 mg/L of FeCl3 and 100 mg/L of 
PC to facilitate suspended solids removal to meet NPDES standards (Metcalf & Eddy 2003).  The power 
requirements for aeration are based on CASADM.   
  
Figure 2. System boundaries for LCA.  Starred processes are omitted from the LCA. 
For the foreground inventory of MXCs for options 2 and 3, the choice of MXC materials are based 
on laboratory scale experiments and projected technology efficiencies (Torres 2012) using sandwiched 
MXCs.  Membrane and carbon fiber materials use inventory data from Foley et al. (2010).  The 
membrane is modeled using an anion exchange membrane manufactured from anionic polymer 
generated from gel polystyrene cross-linked with divinyl benzene.  The titanium plates used as the carbon 
fiber support at the anode require 1.91kg/m2 of 99% pure titanium alloy for optimal current conductivity.  
Option 3 requires ~0.75 kg/d of 50%-pure H2O2 for wastewater disinfection be produced and shipped to 
the FOB.  SimaPro 8.0.1 utilizes Ecoinvent 2.0 and 3.0 to provide background inventory data based on 
rest of the world (RoW) datasets.   
2.5 Life Cycle Impact Assessment 
 Implemented without modification in SimaPro 8.0.1, Impact 2002+ v. 2.11 is used to evaluate 
fifteen midpoint impact categories and four endpoint categories (Figure 3) for the three scenarios 
presented.  Midpoint category values are determined by applying scientifically-established 
characterization factors to relevant materials and processes from life cycle assessment to equate all 
materials and processes against a common reference substance (Quantis 2012).  For example, all 
materials and processes included in the global warming potential midpoint category are expressed in 
terms of kg CO2 equivalents.  To equate methane as CO2 equivalents, the scientific community has 
determined that methane is 24 times more potent a greenhouse gas than CO2; thus the global warming 
 potential characterization factor for methane is 24.  Endpoint categories quantify the damages associated 
with the midpoint categories’ impacts, providing perspective on the cumulative effect of these impacts on 
a broad effect category.  For Impact 2002+, endpoint categories include human health, ecosystem quality, 
climate change, and resources withdrawal and consumption (referred to as resources).  Endpoint 
category impacts are normalized to average impacts per European person per year using Impact 2002+. 
 
Figure 3.  Impact 2002+ midpoint and endpoint categories.  Midpoint categories include their reference 
substances in parentheses.    
3. Results and Discussion 
3.1 Life Cycle Impact Assessment Results and Discussion 
 Figure 4 illustrates the LCIA results for the three scenarios for six selected midpoint categories.  
The results for other midpoint categories are summarized in the Supplemental Information.  With 
exception of ozone depletion (which is discussed separately below), the AS-AD exhibits 3-15x higher 
midpoint and endpoint category impacts than the MXC scenarios.  Water transportation accounts for a 
77-99% of AS-AD and 66-98% of MXC+H2O2 total midpoint impacts; water transportation impacts for 
MXC+electricity scenario range from 16-102% due to offsets from onsite energy production and 
industrical production of H2O2 and is discussed further in later sections.  When capital and operations are 
compared, the AS-AD system has 3-22x higher environmental impacts than the MXC systems.  Capital 
related environmental impacts in the two MXC systems are essentially the same.  For system operations, 
the MXC systems generally have lower environmental impacts that the AS-AD system. 
  
Figure 4.  LCIA results for six select midpoint categories for the combined activated sludge-anaerobic 
digestion system (AS-AD), MXC system for peroxide production (MXC + H2O2), and MXC system for 
electricity production (MXC + electricity) for systems’ water transportation, capital, and operations. (a) 
Carcinogens.  (b) Respiratory inorganics.  (c) Respiratory organics.  (d) Global warming potential.  (e) 
Ozone layer depletion.  (f) Non-renewable energy. 
 Normalized end-point life cycle assessment results summarized in Figure 5 demonstrate that the 
AS-AD system have 3.5x higher impacts than the MXC scenarios.  Consistent with midpoint categories, 
 the largest environmental impacts are associated with water transportation to the FOB, ranging from 87-
98% of an endpoint’s impact.  Thus, reducing water transportation can have significant effects on the 
environmental impacts of all systems.  During water transportation, truck fuel consumption accounts for 
61-83% of endpoint impacts (SI Figure 1).  SimaPro assumes a conservative fuel efficiency of ~2.8 mpg; 
pursuing higher efficiency transportation may decrease the environmental impacts.  The impact of 
wastewater treatment operations ranged from 1-13%, while capital accounted for 1-3% impact.  These 
results are also consistent with midpoint category results:  the AS-AD system has 3.5x greater midpoint 
impacts due to the additional 3.7 trucks of potable water required, and SMFT operations account for 70-
99% of environmental impacts associated with water transportation (Figure 6), with the impacts being 
distributed between truck component manufacturing and fuel depending upon the midpoint category (SI 
Figure 2).  The remaining impacts are associated with water bladder manufacturing (1-29%) and tap 
water production (< 0.5%). 
 
Figure 5. Endpoint category analysis of the three scenarios for water transportation, capital and 
operations. 
Excluding ozone layer depletion and as illustrated in Figure 6, the midpoint category 
environmental impacts associated with capital equipment ranges from 2.5 to 22 times higher in the AS-
AD scenario versus the MXC systems.  Low-alloy steel accounts for 73-89% of AS-AD system impacts 
(SI Figure 3), mostly from the coke, ferrochromium and sinter used during production.  Steel hot rolling 
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Water transportation
 accounts for 7-12% of the environmental impacts associated with capital equipment, largely from coke, 
natural gas, and electricity required to maintain temperatures for the rolling process.  For the MXC, the 
highest capital impacts are not associated with one particular tank or piece of equipment (SI Figure 4), 
but distributed across several pieces of equipment.  For example, four tanks contribute 15% or more of 
the respiratory organics impacts:  anode (31%), MXC tank (23%), water storage bladders (18%), and 
settling tank (17%).  However, the respiratory organics impacts emanate from a variety of materials 
including polyethylene (21%; tank material for the MXC and bar screen and is produced using 
hydrocarbon-based polymers), carbon fibers (17%; contained in the anode and produced using 
hydrocarbon-based polymers), and low-alloy carbon steel (16%; used in the settling tank and discussed 
above).  These trends are consistent for all other impacts, indicating that the variation in materials used 
for MXC contributes to more evenly distributed environmental impacts across all capital equipment. 
Ozone layer depletion is the only environmental impact which is consistently higher in the MXC 
systems:  Figure 4 illustrates that MXC systems’ impacts are 4x higher than the AS-AD system.  Figure 7 
shows that 91% of the ozone depleting compounds emissions from the MXC + H2O2 system and 87% 
from the MXC + electricity are from PTFE used as a catalyst binder and carbon mesh support structure at 
the cathode.  Large emissions are inherent in PTFE manufacturing as PTFE is a fluorocarbon polymer.  
While removing PTFE from the cathode would significantly reduce ozone depletion potential for MXC 
systems, alternatives to PTFE operate at significantly lower efficiencies and would require significantly 
larger surface areas (and therefore reactor volumes) to provide the required current to produce the H2O2.  
Regardless, ozone layer depletion impacts are in the 10-5 to 10-7 kg CFC-11 eq. range, which indicates 
that the magnitude of the emissions is relatively low.    
 Regardless of midpoint category, Figure 9 demonstrates that, with exception of carcinogens, AS-
AD has the highest operational environmental impacts, driven by the large amount of diesel fuel required 
to power generators for aeration equipment.  This finding is consistent with several municipal wastewater 
treatment surveys which have stated that more than 50% of energy consumption in activated sludge and 
anaerobic digestion systems is associated with aeration power requirements (Carns 2005; Metcalf & 
Eddy 2003; Rittmann and McCarty 2001).  While offsite production of H2O2 increases emissions in the 
MXC + electricity generation scenario, the electricity generated by the MXC mitigates impacts from H2O2 
 production, making its operational impacts comparable with the MXC + H2O2 scenario.  The MXC + 
electricity scenario has the highest carcinogenic impacts from impacts associated with industrial H2O2 
production using anthraquinone, a potential carcinogen, which is the only production process available in 
SimaPro.  The carcinogenic impacts might be mitigated by converting to a different H2O2 production 
process like electrolysis of ammonium bisulfate or hydrolysis of the ammonium peroxydisulfate. 
 
Figure 6.  Capital and operations environmental impacts for select midpoint categories. 
  
Figure 7.  Contribution of MXC materials to ozone layer depletion.   
  
 
 
 
Figure 8.  Environmental impacts related to system operations for select midpoint categories.  (a) 
Carcinogens.  (b) Respiratory inorganics.  (c) Respiratory organics.  (d) Global warming potential.  (e) 
Ozone layer depletion.  (f) Non-renewable energy. 
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Figure 9 continued.  Environmental impacts related to system operations for select midpoint categories.  
(a) Carcinogens.  (b) Respiratory inorganics.  (c) Respiratory organics.  (d) Global warming potential.  (e) 
Ozone layer depletion.  (f) Non-renewable energy. 
3.2 Uncertainty and Sensitivity Analyses 
 A pedigree matrix is developed for the 79 different processes used in the LCIA (SI Table 6) based 
on the five uncertainty categories utilized in SimaPro:  reliability, completeness, temporal correlation, 
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 geographical correlation, and future technological correlation.  As illustrated in 
 
Figure 10, process uncertainties follow a normal distribution, with the largest number of processes 
exhibiting pedigree values between 3 and 3.9.  Geographical correlation rates lowest with an average of 
4.6:  LCI data in SimaPro are based on rest of the world values but manufacturing locations and FOB 
locations are unknown.  Future technological correlation and reliability of data rank highest (2.6 and 2.8, 
respectively) due to lab and pilot scale data being available for MXC systems and high reliability scores 
for anode and cathode materials in SimaPro.   
Several major uncertainty assumptions were made for this LCIA.  The transportation distance 
between a distribution center and FOB is assumed to be 150 km, but can vary from 10-250 km (Noblis 
2010). While the bladders are designed for multiple uses, it is assumed that a new water bladder is used 
for each shipment of potable water the FOB.  Another assumption is that all wastewater treated with H2O2 
can be reused as nonpotable water.  However, the efficacy of H2O2 disinfection has been studied on a 
limited basis; therefore, H2O2-treated wastewater may not be suitable for all nonpotable reuse 
applications.  Finally, specific chemical doses are assumed for coagulants in all scenarios and pH control 
in the MXC scenarios.  For effective coagulation, all settlers and clarifiers use 30 mg/L of FeCl3 and 100 
mg/L of PC (Metcalf & Eddy 2003).  A model sensitivity analysis is applied to understand the impacts of 
three key assumptions:  varying travel distance between 10 and 250 km with reuse of 50 water bladders 
to understand if operational and capital impacts can outweigh the impacts of water transportation; varying 
the percentage of wastewater reused as nonpotable water between 0 and 100% to determine if water 
reuse can cause AS-AD impacts to be lower than MXC systems’ impacts; and varying coagulant doses 
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 between 25% of the base case value to 1000% larger than the base case to determine if impacts 
associated with coagulation can dominate operational impacts. 
 
Figure 10.  Distribution of average uncertainties for the 76 processes analyzed in the pedigree matrix.   
  
Travel distance is varied between 10 and 250 km for the three scenarios.  Consistent with 
previous findings, the AS-AD exhibits higher endpoint impacts than the MXC scenarios due to a lack of 
nonpotable reuse (SI Figure 5), and AS-AD water transportation contributions to the endpoint impacts are 
consistently larger than the operational and capital contributions regardless of travel distance.  When 
endpoints are analyzed individually, water transportation has the highest ecosystem quality impacts 
regardless of the travel distance due to environmental damage associated with blasting to mine metals for 
capital equipment manufacturing and extraction of oil for fuels.  Below 20 km, Figure 11 shows that fuel 
consumption at the FOB and manufacturing of carbon fibers and PTFE for anode, membrane, and 
cathode materials drive operational and capital climate change and resource impacts higher than the 
water transportation.  For human health impacts and above 10 km travel distance, water transportation 
dominates MXC + H2O2 performance due to onsite H2O2 production offsetting the need to produce and 
transport H2O2 to the FOB.  The MXC + electricity and AS-AD processes have higher human health 
impacts, allowing capital and operational impacts to dominate until the transportation distance below 30 
km, but for different reasons.  For the MXC + electricity scenario, industrial production of H2O2 using 
anthraquinone increases human health impacts, thus requiring more transportation to offset the impact of 
this process.  For AS-AD systems, more diesel fuel is required to power the AS-AD process (particularly 
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 aeration) causing increased human health impacts from respiratory organics and inorganics and 
carcinogens, which then requires more water transportation to offset impacts from diesel combustion. 
To understand the impact of water transportation, nonpotable water reuse is varied between 0% 
(no reuse) to 100% (complete reuse of all wastewater produced at the FOB) for the MXC scenarios and 
compared against a baseline of no wastewater reuse in the AS-AD system.  A transportation distance of 
150 km to the FOB and 50 bladders for water supply are assumed for this analysis.  Figure 12 shows that 
the MXC scenarios have lower endpoint environmental impacts regardless of the amount of wastewater 
recycled for nonpotable reuse.  Water transportation impacts are the same for all scenarios when there is 
no reuse since the same number of potable trucks are utilized to supply the FOB; thus, the lower impacts 
with MXC systems are a result of lower capital and operational impacts.  This is consistent with  
 
 
 
 
Figure 1, where the operations and capital endpoint impacts for the MXC scenarios are lower 
than the AS-AD scenario.  This reiterates that the MXC scenarios have consistently lower environmental 
impacts than the AS-AD system.    
  
Figure 11.  Endpoint impacts of the three systems when travel distance to the FOB is varied from 10 to 
40 km.  (a) Human health.  (b) Ecosystem quality.  (c) Climate change.  (d) Resources. 
 Coagulant doses are varied from between 25% and 1000% of the base case (30 mg/L FeCl3 and 
100 mg/L PC) to determine if the impacts from coagulant production and transportation can have 
dominant roles in environmental impacts.  Since three tanks in the AS-AD system require coagulant 
versus two in the MXC systems, the AS-AD system uses 43% more PC and FeCl3 than the MXC systems 
Figure 13 shows the endpoint impacts for the three scenarios over 1 to 40 km.  FeCl3 and total coagulant 
transportation contribute less than 10% of the environmental impacts regardless of dosage.  Polystyrene 
is the main raw material in PC and the largest contributor for coagulant impacts to all endpoint categories.  
In particular, polystyrene demonstrates the highest impacts on the resource category due to oil being a 
component of the resin and coal and oil for electricity production.  As coagulant doses increase, more 
polystyrene is used to manufacture the PC, increasing the overall impact of coagulants on endpoint 
categories.  When all scenarios are compared, the MXC + electricity endpoint impacts are increase at a 
slower pace than the MXC + H2O2 scenario, with the AS-AD scenario having the highest increases of all.  
For all endpoint categories, the impact of coagulants in the MXC + electricity scenario is equal to or 
higher than the other operational impacts only at or above 10 times the baseline dosage (i.e., < 1 g/L).  
 Similarly, coagulants dominate the MXC + H2O2 scenario’s endpoint impacts at 5 times (500 mg/L) the 
baseline dose or higher.  The AS-AD endpoint impacts associated with PC are larger than operational or 
capital impacts when the coagulant dosage is 5 times higher than the baseline for human health and 
ecosystem quality, 1.5 times higher than the baseline for climate change, and 75% of the baseline 
dosage for resource consumption and withdrawal.  Again, the reason for the higher impacts with the AS-
AD system is in part due to 43% more coagulant being required for an additional coagulation step in the 
process.  Thus, the AS-AD system is more sensitive to coagulant doses than the other scenarios.   
 
Figure 12.  MXC systems’ endpoint impacts when wastewater reuse rates as nonpotable water are 
varied.  The black line represents the AS-AD system performance with no reuse.  (a) Human health.  (b) 
Ecosystem quality.  (c) Climate change.  (d) Resources. 
  
Figure 13.  Endpoint impacts on the three scenarios with varying coagulant doses based on baseline 
doses of 30 mg/L FeCl3 and 100 mg/L PC.  (a) Human health.  (b) Ecosystem quality.  (c) Climate 
change.  (d) Resources. 
4. Conclusions 
 An attributional LCIA was performed on two MXC technologies that produce either electricity 
(MXC + electricity) or H2O2 (MXC + H2O2) as an alternative to traditional wastewater treatment methods 
(i.e., AS-AD) at FOBs.  The system boundary includes delivery of water and supplies to and from the FOB 
and the water treatment process; the disposal phase is neglected.  The MXC systems produce fewer 
environmental impacts than the AS-AD system.  For all scenarios, water transportation is the largest 
contributor to environmental impacts, largely due to fuel consumption to transport water to the FOB.  
The LCA determined that the AS-AD exhibits 3-15x higher consistently higher midpoint and endpoint 
impacts, largely due to a lack of water reuse resulting in 3.5x more water being transported to the FOB 
and 2.5-22x higher capital impacts resulting from steel production and tank manufacturing (which are 
73-89% of the capital impacts).  The environmental impacts from MXC capital are evenly distributed 
across by a variety of processes in the MXC system, with 4 or more MXC processes contributing to more 
 than 60% of the impacts.  Ozone layer depletion impacts are higher with the MXC system, as 
fluorocarbons are used to manufacture PTFE for anode and cathode components.  Operational impacts 
are generally less than 13% of the total impacts, with exception of carcinogens production with MXC + 
electricity scenario which uses a potential carcinogen in industrial H2O2 production.   
 The scenarios explored are not particularly sensitive to varying travel distance to the FOB from 
10-250 km or and varying the amount of treated wastewater used as nonpotable water for the MXC 
systems.  Water transportation dominates the impacts for any travel distance greater than 20 km.  
Regardless of the amount of wastewater reused at the FOB, the MXC systems consistently have lower 
impacts than the AS-AD system without reuse.  While the MXC systems are not particularly sensitive to 
varying coagulant dosage, the AS-AD system exhibits sensitivity to coagulant doses as low as 75% of the 
investigated base case dosages.  This AS-AD’s sensitivity to coagulant dosage is driven by three of its 
processes utilizing 43% more coagulant than either of the MXC scenarios.   Thus, the MXC system 
consistently provides lower impacts than the AS-AD system, even with variations in transportation and 
operations.    
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Table SI1.  Design parameters for traditional treatment (Option 1) 
 HRT Diameter Height Surface 
area 
Total 
volume 
Thickness Weight Aeration 
concentration 
Tanks hrs m m m2 m3 mm kg mg O2/L 
Collection tank (20000 gal)     75  1100  
Bar screen  1.3 2 1.4 2.7 3 65   
          
Primary settler (3000 gal) 4 5.4 0.5 22.7 11.4 6 1500   
Aeration tank 8 6.9 1 37.1 37.1 6 2800 4 
Secondary clarifier 12 8.4 1 55.7 55.7 6 3900   
Stabilization tank 24 7.4 1 43.3 43.3 6 3200 4 
Sludge thickener 24 3.6 1 10.2 10.2 6 1300   
Anaerobic digester 25 days 2.3 6 4.3 25.6 6 3200   
Holding tank (3000 gal)       165   
 Material/SimaPro reference species 
Collection tank (20000 gal) Urethane fabric 2mm thick      
Bar screen Stainless steel mesh (5 kg), Stainless steel hot rolled coil, annealed and pickled, arc furnace route 
 HDPE plastic tank (60 kg); Polyethylene HDPE granulate at plant   
Primary settler (3000 gal) Steel, hot rolled coil, blast furnace route, production mix, at plant, 2-7mm thickness  
Aeration tank  
Secondary clarifier  
Stabilization tank  
Sludge thickener  
Anaerobic digester  
 Holding tank (3000 gal) Urethane fabric 2mm thick      
 
 Flow rate 
to 
Weight Power SimaPro database reference 
Pumps, compressors, 
generators 
m^3/d kg kW  
Feed pump to bar screen 68.137412 12 0.07215613 Pump, 40W {RoW}| production & energy operations | Alloc Def, U AS-
AD Feed pump to aeration tank 111.40467 15 0.16650358 
Feed pump to secondary 
clarifier 
111.40467 15 0.16650358 
Recycle (RAS) pump 44.289318 12 0.0933324 
Feed pump to sludge 
thickener 
10.220612 3 0.01707865 
Feed pump to anaerobic 
digester 
1.0220612 3 0.00191433 
Air compressor for aeration 
& stabilization tanks 
 140  Air compressor, screw-type compressor, 4kW, at plant,RER/I 
Generator to combust 
methane from anaerobic 
digester 
 200  Biogas {RoW}| heat and power co-generation, gas engine | Alloc Def, 
U 
 
   Concentration 
required 
Mass per 
day 
Mass per 
day 
Volume per day 
Chemicals Use  mg/L mg/d kg/d L/d 
Ferric Chloride Settling tanks coagulant 30 3648758.419 3.648758419 9.121896 
Polymer Settling tanks coagulant 100 12162528.06 12.16252806  
 SimaPro database reference 
Ferric Chloride Iron (III) chloride, without water, in 40% solution state, RoW, production 
Polymer Cationic resin CH, production 
 
  
 Table SI2.  Design parameters for MXC production (Options 2 and 3) 
MXC 
 HRT Diameter Height Surface area Total volume Thickness Weight SimaPro classification 
Tanks hrs m m m2 m3 mm kg  
Bar screen  0.4 0.5 0.5 0.3  10 Stainless steel mesh (2.5 kg), HDPE plastic 
tank (60 kg) 
MXC volume     38.5  4550 Steel, hot rolled coil, blast furnace route, 
production mix, at plant, 2-7mm thickness 
Settling tank 4 0.9 5 2.3 11.4 6 650 Steel, hot rolled coil, blast furnace route, 
production mix, at plant, 2-7mm thickness 
 
  Thickness Volume Surface area Length Weight  
Components Pieces m L m2 m kg SimaPro classification 
Anode 
Titanium plate      2600 Titanium zinc plate, without pre-
weathering, 2mm RoW adjusted to 
99% titanium 
Anode carbon 
fiber 
    680  Polyacrylonitrile fibres,PAN, production 
Membrane 
Anion exchange 
membrane 
 1.30E-05  1360   Anionic resin RoW, production 
Cathode 
Nafion      5.84 Tetrafluoroethylene, at plant, RER 
Carbon mesh    1360   Polyacrylonitrile fibres,PAN, 
production; Tetrafluoroethylene, at 
plant, RER; Artificial and synthetic fiber 
manufacturing 
DI water   20.4    Water, deionized, from tap water, at 
user RoW, production 
Graphite powder      0.68 Graphite, battery grade CN, production 
Other 
 Potentiostat 1      Electronics, for control units (RoW) 
 
Graywater HRT Diameter Height Surface area Total volume Weight Material 
Tanks hrs m m m2 m3 kg  
Bar screen  0.6 1 1.0 1.0 35 Stainless steel mesh (5 kg), HDPE plastic tank (60 kg) 
 
  Concentration 
required 
Mass per 
day 
Mass per 
day 
Volume per 
day 
Database classification 
Chemicals Use mg/L mg/d kg/d L/d  
Ferric 
Chloride 
Settling 
tank 
coagul
ant 
30 2044122 2.044122 5.110306 Iron (III) chloride, without water, in 40% solution state, 
RoW, production 
Polymer Settling 
tank 
coagul
ant 
100 6813741 6.813741  Cationic resin CH, production 
Sodium 
hydroxide 
pH adjustment   10 Sodium hydroxide, 50% solution state, RoW 
Hydrochloric 
acid 
  10 Hydrochloric acid, 30% solution state, RoW 
For option 3 only 
Hydrogen 
peroxide 
    146 Hydrogen peroxide, 50% solution state RoW, market 
for 
 
  
  
 Flow rate to Weight Power  
Pumps, 
compressors
, generators 
gal/d m^3/d kg W Material Database classification 
Feed pump to 
bar screen 
3000 11.35623535 8 11.8645 Cast iron Pump, 40W {RoW}| production & energy operations | 
Alloc Def, U AS-AD 
Feed pump to 
anode 
3000 11.35623535 8 11.8645 Cast iron 
Feed pump to 
cathode 
7500 28.39058838 8 29.80208 Cast iron 
Feed pump to 
settling tank 
from MXC 
10500 39.74682373 8 41.83676 Cast iron 
Feed pump to 
settling tank 
extra gray 
water 
7500 28.39058838 8 29.80208 Cast iron 
Feed pump to 
storage 
16000 60.56658854 8 64.04025 Cast iron 
Feed pump to 
sludge 
disposal 
2000 7.570823568 8 10.50882 Cast iron 
 
  
 Table SI3.  Midpoint category values for the AS-AD system.  Numbers represent the total emissions over the two years of operations. 
Impact category Carcinogens Non-carcinogens 
Respiratory 
inorganics 
Ionizing 
radiation 
Ozone layer 
depletion 
Respiratory 
organics 
Unit kg C2H3Cl eq kg C2H3Cl eq kg PM2.5 eq Bq C-14 eq kg CFC-11 eq kg C2H4 eq 
Aeration tank 767.4717493 310.0251 355.972 479762.2 0.005715 92.917191 
Anaerobic digester 698.8545163 476.7901 28.39829 65809.18 0.000505 14.526064 
Bar screen 21.80981405 1.350338 0.182306 1528.732 4.42E-06 0.1848351 
Secondary clarifier 544.3964292 371.5318 19.17931 50560.26 0.000386 10.227966 
Stabilization tank 446.7162424 304.866 15.73833 41490.38 0.000317 8.392549 
Primary settler 209.4883838 142.9617 7.379366 19460.36 0.000149 3.9345352 
Pumps 10.79521792 24.75536 5.742634 1949.777 0.000171 1.1771578 
20000 gal. water bladder for onsite 
storage 136.040732 22.98764 2.947419 12867.76 3.05E-05 1.5667467 
5000 gal. water bladder for onsite 
storage 17.0081268 2.877508 0.368989 1611.997 3.85E-06 0.196103 
Coagulants 476.1100042 74.11962 11.2965 97416.89 0.001047 6.0247866 
Natural gas (with capital) 20.86697784 0.101221 0.449497 361.7822 0.000352 0.6636482 
Semi-trailers outfitted with 5000-gal 
fabric water tank (SMFT) carrying water 9854.659598 13313.09 1820.56 12814246 0.139534 838.74828 
Semi-trailers outfitted with 5000-gal 
fabric water tank (SMFT) not carrying 
water 5564.083589 7429.153 1029.389 6464781 0.078945 476.02609 
5000 gal. water bladder on SMFT 850.0578335 143.4101 18.38497 80194.94 0.000188 9.7753357 
 
  
 Table SI3 continued.  Midpoint category values for the AS-AD system.  Numbers represent the total emissions over the two years of operations. 
Impact category 
Aquatic 
ecotoxicity 
Terrestrial 
ecotoxicity 
Terrestrial 
acidification/nutrification 
Land 
occupation 
Aquatic 
acidification 
Unit kg TEG water kg TEG soil kg SO2 eq m2org.arable kg SO2 eq 
Aeration tank 965557.441 419903.9 7588.57 61.24995 1084.287 
Anaerobic digester 1204618.88 541171.5 340.2039 90.67783 102.2149 
Bar screen 5100.35022 871.7503 3.098778 1.522934 1.048639 
Secondary clarifier 936879.146 422146 182.8626 70.6785 52.44252 
Stabilization tank 768755.912 346419.8 150.0613 57.99474 43.03362 
Primary settler 360452.493 162509.6 70.35197 27.1911 20.1765 
Pumps 44285.2941 18460.63 122.2488 0.976115 18.90852 
20000 gal. water bladder for onsite 
storage 112583.201 14895.57 51.712 20.36484 15.52958 
5000 gal. water bladder for onsite 
storage 14094.5076 1889.902 6.484309 2.545743 1.944208 
Coagulants 593802.394 54025.79 209.8244 29.89219 74.00867 
Natural gas (with capital) 463.202875 376.154 16.85712 0.014435 2.948854 
Semi-trailers outfitted with 5000-gal 
fabric water tank (SMFT) carrying 
water 418797226 90096475 65602.94 625.5423 9775.076 
Semi-trailers outfitted with 5000-gal 
fabric water tank (SMFT) not carrying 
water 39609128.4 51246515 37228.2 251.8906 5519.595 
5000 gal. water bladder on SMFT 702244.517 91285.37 321.8837 127.2714 96.8647 
 
 
 
  
 Table SI3 continued.  Midpoint category values for the AS-AD system.  Numbers represent the total emissions over the two years of operations. 
Impact category Aquatic eutrophication Global warming Non-renewable energy Mineral extraction 
Unit kg PO4 P-lim kg CO2 eq MJ primary MJ surplus 
Aeration tank 5.376169 90147.87 1347705 8663.774 
Anaerobic digester 6.4798929 14796.4 144657.9 15460.58 
Bar screen 0.011971 208.4551 6205.408 0.201207 
Secondary clarifier 5.0503851 11071.43 110983.6 12059.96 
Stabilization tank 4.1440168 9084.741 91069.94 9895.554 
Primary settler 1.942818 4259.36 42699.62 4639.125 
Pumps 0.4736765 1341.715 756.1631 226.2418 
20000 gal. water bladder for onsite 
storage 0.7867667 3226.667 64335.53 123.9996 
5000 gal. water bladder for onsite 
storage 0.098361 403.9873 8052.022 15.49999 
Coagulants 1.0288469 13420.08 315002.2 147.5703 
Natural gas (with capital) 0.0033454 2152.723 120.7618 0.000501 
Semi-trailers outfitted with 5000-gal 
fabric water tank (SMFT) carrying 
water 54.642063 2122419 32454028 134.7076 
Semi-trailers outfitted with 5000-gal 
fabric water tank (SMFT) not carrying 
water 27.84023 1198673 18479172 76.7019 
5000 gal. water bladder on SMFT 4.9163072 20124.29 401443.7 774.9947 
 
  
 Table SI4.  Midpoint category values for the MXC + electricity system.  Numbers represent the total emissions over the two years of operations. 
Impact category Carcinogens Non-carcinogens 
Respiratory 
inorganics 
Ionizing 
radiation 
Ozone layer 
depletion 
Unit 
kg C2H3Cl 
eq kg C2H3Cl eq kg PM2.5 eq Bq C-14 eq kg CFC-11 eq 
Anode 108.3851 244.2226 7.903267 226817.4 0.000747 
Cathode 23.94922 7.882608 1.821973 47864.76 0.889289 
Membrane 43.84761 6.771863 0.652193 7765.063 0.032259 
Blackwater bar screen 3.74147 0.311778 0.036152 285.5814 8.47E-07 
Graywater bar screen 11.03555 0.798661 0.09883 797.9827 2.34E-06 
MXC plastic tank 270.2298 13.98963 2.116158 18645.89 5.31E-05 
Equipment to run MXC 226.9111 126.2971 -76.3813 707785.1 0.004063 
Settling tank 124.6189 74.78781 4.832375 35931.12 0.000721 
20000 gal. water bladder for onsite 
storage 68.02037 11.49382 1.473709 6433.882 1.52E-05 
Pumps 6.078376 15.82912 0.147941 323.8136 5.78E-06 
5000 gal. water bladder for onsite 
storage 17.00813 2.877508 0.368989 1611.997 3.85E-06 
20000 gal. water bladder for onsite 
storage 68.02037 11.49382 1.473709 6433.882 1.52E-05 
MXC chemicals 287.5961 41.62321 6.777917 54931.01 0.000939 
H2O2 peroxide for disinfection 26351.61 617.355 59.49284 671900.8 0.003782 
Semi-trailers outfitted with 5000-gal 
fabric water tank (SMFT) carrying water 2758.804 3726.991 509.6643 3587339 0.039063 
Semi-trailers outfitted with 5000-gal 
fabric water tank (SMFT) not carrying 
water 1557.661 2079.786 288.1766 1809810 0.022101 
5000 gal. water bladder on SMFT 850.0578 143.4101 18.38497 80194.94 0.000188 
 
  
 Table SI4 continued.  Midpoint category values for the MXC + electricity system.  Numbers represent the total emissions over the two years of 
operations. 
Impact category 
Respiratory 
organics 
Aquatic 
ecotoxicity 
Terrestrial 
ecotoxicity 
Terrestrial 
acidification/nutrification 
Land 
occupation 
Unit kg C2H4 eq kg TEG water kg TEG soil kg SO2 eq m2org.arable 
Anode 3.080851 804716.5 251757.9 167.1556 16.16498 
Cathode 0.737681 36507.68 6186.413 42.12902 1.188234 
Membrane 0.274134 33365.63 3971.157 10.32283 10.1463 
Blackwater bar screen 0.031445 999.3043 257.4136 0.638845 0.306397 
Graywater bar screen 0.093179 2743.492 599.4447 1.720559 0.828401 
MXC plastic tank 2.297309 59838.02 6946.041 34.82756 17.7212 
Equipment to run MXC -21.5989 931456.2 171261.5 -1798.27 82.58733 
Settling tank 1.908262 221066.2 82822.3 53.54937 19.69461 
20000 gal. water bladder for 
onsite storage 0.783373 56291.6 7447.786 25.856 10.18242 
Pumps 0.03484 25892.4 11303.07 1.713321 0.618494 
5000 gal. water bladder for onsite 
storage 0.196103 14094.51 1889.902 6.484309 2.545743 
20000 gal. water bladder for 
onsite storage 0.783373 56291.6 7447.786 25.856 10.18242 
MXC chemicals 4.03901 333122.9 30645.88 134.4075 16.75888 
H2O2 peroxide for disinfection 37.85415 4071349 396795.2 851.0501 308.353 
Semi-trailers outfitted with 5000-
gal fabric water tank (SMFT) 
carrying water 234.8069 1.17E+08 25222440 18365.49 175.1201 
Semi-trailers outfitted with 5000-
gal fabric water tank (SMFT) not 
carrying water 133.2631 11088545 14346423 10422.01 70.51659 
5000 gal. water bladder on SMFT 9.775336 702244.5 91285.37 321.8837 127.2714 
 
  
 Table SI4 continued.  Midpoint category values for the MXC + electricity system.  Numbers represent the total emissions over the two years of 
operations. 
Impact category 
Aquatic 
acidification 
Aquatic 
eutrophication 
Global 
warming 
Non-renewable 
energy 
Mineral 
extraction 
Unit kg SO2 eq kg PO4 P-lim kg CO2 eq MJ primary MJ surplus 
Anode 49.0407 5.788448 10457.37 138199.2 0 
Cathode 17.69947 0.241102 14901.01 33476.99 0.055287 
Membrane 3.712992 0.075882 792.2132 14231.57 2.110897 
Blackwater bar screen 0.216481 0.002275 42.5746 1107.931 0.065876 
Graywater bar screen 0.58217 0.006312 115.2698 3201.731 0.148248 
MXC plastic tank 11.80307 0.144284 2350.81 75437.45 1.350017 
Equipment to run MXC -189.131 3.947961 -5347.39 -192560 69.75506 
Settling tank 16.59851 1.033322 2991.37 35333.53 2021.776 
20000 gal. water bladder for onsite 
storage 7.764789 0.393383 1613.334 32167.76 61.99979 
Pumps 1.044824 0.232543 40.01294 504.1087 150.8278 
5000 gal. water bladder for onsite 
storage 1.944208 0.098361 403.9873 8052.022 15.49999 
20000 gal. water bladder for onsite 
storage 7.764789 0.393383 1613.334 32167.76 61.99979 
MXC chemicals 44.41009 0.579695 9671.052 176596.6 82.6729 
H2O2 peroxide for disinfection 321.2592 7.335794 59358.5 1064488 960.6676 
Semi-trailers outfitted with 5000-gal 
fabric water tank (SMFT) carrying 
water 2736.525 15.297 594169.5 9085481 37.7113 
Semi-trailers outfitted with 5000-gal 
fabric water tank (SMFT) not carrying 
water 1545.206 7.793851 335567.6 5173230 21.47264 
5000 gal. water bladder on SMFT 96.8647 4.916307 20124.29 401443.7 774.9947 
 
  
  
Table SI5.  Midpoint category values for the MXC + H2O2 system.  Numbers represent the total emissions over the two years of operations. 
Impact category Carcinogens Non-carcinogens 
Respiratory 
inorganics 
Ionizing 
radiation 
Ozone layer 
depletion 
Unit kg C2H3Cl eq kg C2H3Cl eq kg PM2.5 eq Bq C-14 eq kg CFC-11 eq 
Anode 108.3851 244.2226 7.903267 226817.4 0.000747 
Cathode 23.94922 7.882608 1.821973 47864.76 0.889289 
Membrane 43.84761 6.771863 0.652193 7765.063 0.032259 
Blackwater bar screen 3.74147 0.311778 0.036152 285.5814 8.47E-07 
Graywater bar screen 11.03555 0.798661 0.09883 797.9827 2.34E-06 
Equipment to run MXC 270.2298 13.98963 2.116158 18645.89 5.31E-05 
MXC chemicals 333.6065 138.5521 20.57565 833430.8 0.005604 
Settling tank 124.6189 74.78781 4.832375 35931.12 0.000721 
20000 gal. water bladder for onsite storage 68.02037 11.49382 1.473709 6433.882 1.52E-05 
Pump 6.078376 15.82912 0.147941 323.8136 5.78E-06 
5000 gal. water bladder for onsite storage 17.00813 2.877508 0.368989 1611.997 3.85E-06 
20000 gal. water bladder for onsite storage 68.02037 11.49382 1.473709 6433.882 1.52E-05 
Coagulation 266.7291 41.52199 6.32842 54569.23 0.000587 
Natural gas, burned in generator 20.86698 0.101221 0.449497 361.7822 0.000352 
Semi-trailers outfitted with 5000-gal fabric 
water tank (SMFT) carrying water 2758.804 3726.991 509.6643 3587339 0.039063 
Semi-trailers outfitted with 5000-gal fabric 
water tank (SMFT) not carrying water 1557.661 2079.786 288.1766 1809810 0.022101 
5000 gal. water bladder on SMFT 850.0578 143.4101 18.38497 80194.94 0.000188 
 
  
 Table SI5 continued.  Midpoint category values for the MXC + H2O2 system.  Numbers represent the total emissions over the two years of 
operations. 
Impact category 
Respiratory 
organics 
Aquatic 
ecotoxicity 
Terrestrial 
ecotoxicity 
Terrestrial 
acidification/nutrification Land occupation 
Unit kg C2H4 eq kg TEG water kg TEG soil kg SO2 eq m2org.arable 
Anode 3.080851 804716.5 251757.9 167.1556 16.16498 
Cathode 0.737681 36507.68 6186.413 42.12902 1.188234 
Membrane 0.274134 33365.63 3971.157 10.32283 10.1463 
Blackwater bar screen 0.031445 999.3043 257.4136 0.638845 0.306397 
Graywater bar screen 0.093179 2743.492 599.4447 1.720559 0.828401 
Equipment to run MXC 2.297309 59838.02 6946.041 34.82755 17.7212 
MXC chemicals 2.647007 1014436 204341.7 314.6273 85.56317 
Settling tank 1.908262 221066.2 82822.3 53.54937 19.69461 
20000 gal. water bladder for onsite storage 0.783373 56291.6 7447.786 25.856 10.18242 
Pump 0.03484 25892.4 11303.07 1.713321 0.618494 
5000 gal. water bladder for onsite storage 0.196103 14094.51 1889.902 6.484309 2.545743 
20000 gal. water bladder for onsite storage 0.783373 56291.6 7447.786 25.856 10.18242 
Coagulation 3.375362 332659.7 30269.73 117.5504 16.74444 
Natural gas, burned in generator 0.663648 463.2029 376.154 16.85712 0.014435 
Semi-trailers outfitted with 5000-gal fabric 
water tank (SMFT) carrying water 234.8069 1.17E+08 25222440 18365.49 175.1201 
Semi-trailers outfitted with 5000-gal fabric 
water tank (SMFT) not carrying water 133.2631 11088545 14346423 10422.01 70.51659 
5000 gal. water bladder on SMFT 9.775336 702244.5 91285.37 321.8837 127.2714 
 
  
 Table SI5 continued.  Midpoint category values for the MXC + H2O2 system.  Numbers represent the total emissions over the two years of 
operations. 
Impact category 
Aquatic 
acidification 
Aquatic 
eutrophication 
Global 
warming 
Non-renewable 
energy 
Mineral 
extraction 
Unit kg SO2 eq kg PO4 P-lim kg CO2 eq MJ primary MJ surplus 
Anode 49.0407 5.788448 10457.37 138199.2 0 
Cathode 17.69947 0.241102 14901.01 33476.99 0.055287 
Membrane 3.712992 0.075882 792.2132 14231.57 2.110897 
Blackwater bar screen 0.216481 0.002275 42.5746 1107.931 0.065876 
Graywater bar screen 0.58217 0.006312 115.2698 3201.731 0.148248 
Equipment to run MXC 11.80307 0.144284 2350.81 75437.45 1.350017 
MXC chemicals 107.4145 4.443815 17942.21 166711.2 71.17466 
Settling tank 16.59851 1.033322 2991.37 35333.53 2021.776 
20000 gal. water bladder for onsite storage 7.764789 0.393383 1613.334 32167.76 61.99979 
Pump 1.044824 0.232543 40.01294 504.1087 150.8278 
5000 gal. water bladder for onsite storage 1.944208 0.098361 403.9873 8052.022 15.49999 
20000 gal. water bladder for onsite storage 7.764789 0.393383 1613.334 32167.76 61.99979 
Coagulation 41.46124 0.576349 7518.329 176475.9 82.6724 
Natural gas, burned in generator 2.948854 0.003345 2152.723 120.7618 0.000501 
Semi-trailers outfitted with 5000-gal fabric water tank 
(SMFT) carrying water 2736.525 15.297 594169.5 9085481 37.7113 
Semi-trailers outfitted with 5000-gal fabric water tank 
(SMFT) not carrying water 1545.206 7.793851 335567.6 5173230 21.47264 
5000 gal. water bladder on SMFT 96.8647 4.916307 20124.29 401443.7 774.9947 
 
  
 Table SI6.  Pedigree matrix for the different processes used in the LCIA. 
  
Reliability Completeness 
Temporal 
correlation 
Geographical 
correlation 
Further 
technological 
correlation Average 
Transportation 
      Semi-truck transportation 3 2 4 3 1 2.6 
 
Transport via truck 2 1 4 5 1 2.6 
Water supply requirements 2 2 4 3 1 2.4 
 
Tap water 2 3 4 3 1 2.6 
MXC systems 
      Anode 
 
2 3 2 5 3 3 
Cathode 
 
2 3 2 5 3 3 
 
Isopropanol 5 5 5 5 4 4.8 
 
DI water 5 5 5 5 5 5 
 
Graphite 2 4 2 5 3 3.2 
 
PAN 2 3 2 1 3 2.2 
 
PTFE 5 3 
  
1 3 
 
Other Nafion components 5 5 5 5 5 5 
Membrane 2 1 4 5 3 3 
 
Anionic polymer 4 5 5 5 5 4.8 
 
Thermoforming 2 3 5 5 3 3.6 
Tank 
 
2 3 5 5 3 3.6 
Hydrochloric acid 3 1 4 5 4 3.4 
Sodium hydroxide 3 1 1 1 1 1.4 
Coagulants 4 5 4 5 5 4.6 
 
Ferric chloride 3 2 4 5 3 3.4 
 
Coagulant polymer 5 5 5 5 5 5 
Supplemental peroxide for disinfection 4 2 5 5 1 3.4 
 
  
 Table SI6 continued.  Pedigree matrix for the different processes used in the LCIA. 
 
  Reliability Completeness 
Temporal 
correlation 
Geographical 
correlation 
Further 
technological 
correlation Average 
Bladders 
 
1 2 1 5 1 2 
 
Polyurethane 2 5 5 5 3 4 
 
Thermoforming 2 3 5 5 3 3.6 
 
Steel, low-alloyed 2 3 5 5 1 3.2 
 
Metal production 1 3 2 1 3 2 
Bar screens 4 3 4 5 5 4.2 
 
Injection molding 2 3 5 5 3 3.6 
 
Wire drawing 2 2 4 5 1 2.8 
Settling tank 3 3 5 5 4 4 
Natural gas 1 1 4 1 3 2 
AS-AD system 
      Bladders 
 
1 2 1 5 5 2.8 
 
Polyurethane 2 5 5 5 3 4 
 
Thermoforming 2 3 5 5 3 3.6 
 
Steel, low-alloyed 2 3 5 5 1 3.2 
 
Metal production 1 3 2 1 3 2 
Bar screens 4 3 4 5 5 4.2 
 
Injection molding 2 3 5 5 3 3.6 
 
Wire drawing 2 2 4 5 1 2.8 
Primary clarifier 4 5 4 5 5 4.6 
 
Steel, low-alloyed 2 3 5 5 1 3.2 
 
Hot rolling 2 3 5 5 2 3.4 
 
Welding 5 5 5 5 3 4.6 
 
Air compressor 1 4 3 5 1 2.8 
 
Transport 3 1 4 5 1 2.8 
  
 Table SI6 continued.  Pedigree matrix for the different processes used in the LCIA. 
 
 Reliability Completeness 
Temporal 
correlation 
Geographical 
correlation 
Further 
technological 
correlation Average 
Aeration tank 3 3 4 5 3 3.6 
 
Steel, low-alloyed 2 3 5 5 1 3.2 
 
Hot rolling 2 3 5 5 2 3.4 
 
Welding 5 5 5 5 3 4.6 
 
Air compressor 1 4 3 5 1 2.8 
 
Transport 3 1 4 5 1 2.8 
Secondary clarifier 3 5 4 5 3 4 
 
Steel, low-alloyed 2 3 5 5 1 3.2 
 
Hot rolling 2 3 5 5 2 3.4 
 
Welding 5 5 5 5 3 4.6 
 
Transport 3 1 4 5 1 2.8 
Stabilization tank 3 3 4 5 3 3.6 
 
Steel, low-alloyed 2 3 5 5 1 3.2 
 
Hot rolling 2 3 5 5 2 3.4 
 
Welding 5 5 5 5 3 4.6 
 
Transport 3 1 4 5 1 2.8 
Sludge thickener 3 3 4 5 3 3.6 
 
Steel, low-alloyed 2 3 5 5 1 3.2 
 
Hot rolling 2 3 5 5 2 3.4 
 
Welding 5 5 5 5 3 4.6 
 
Transport 3 1 4 5 1 2.8 
 
 
  
 Table  SI6 continued.  Pedigree matrix for the different processes used in the LCIA. 
 
 Reliability Completeness 
Temporal 
correlation 
Geographical 
correlation 
Further 
technological 
correlation Average 
Anaerobic digester 3 3 4 5 3 3.6 
 
Steel, low-alloyed 2 3 5 5 1 3.2 
 
Hot rolling 2 3 5 5 2 3.4 
 
Welding 5 5 5 5 3 4.6 
 
Transport 3 1 4 5 1 2.8 
Coagulants 4 4 4 5 5 4.4 
 
Ferric chloride 3 2 4 5 3 3.4 
 
Coagulant polymer 5 5 5 5 5 5 
Natural gas 1 1 1 1 3 1.4 
Averages 
 
2.8 3.1 4.1 4.6 2.6 3.4 
 
 
  
  
Figure SI1.  Endpoint category impacts associated with water transportation.  Truck operations include 
fuel consumption.   
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Figure SI2.  Select midpoint category impacts associated with 1 ton-km of water transportation.  (a) 
Carcinogens.  (b) Respiratory inorganics.  (c) Respiratory organics.  (d) Global warming potential.  (e) 
Ozone layer depletion.  (f) Non-renewable energy. 
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Figure SI3.  Environmental impacts of capital equipment associated with the AS-AD system for select 
midpoint categories: (a) carcinogens, (b) respiratory inorganics, (c) respiratory organics, (d) ozone layer 
depletion, (e) global warming potential, and (f) non-renewable energy. 
0
100
200
300
400
500
600
700
800
C
a
rc
in
o
g
e
n
s
 (
k
g
 C
2
H
3
C
l 
e
q
)
Thermoforming with calendering
Injection molding
Nylon
Symthetic rubber
Polyurethane
PVC suspension polymerised
PVC emulsion polymerised
Polyethylene
Metal product manufacturing
Wire drawing of steel
Welding of tank
Hot rolling steel
Copper
Chromium steel 18/8
Aluminum
Cast iron
Stainless steel
Low allow steel
Transportation to FOB
0
5
10
15
20
25
30
R
e
s
p
ir
a
to
ry
 i
n
o
rg
a
n
ic
s
 (
k
g
 P
M
2
.5
 e
q
)
Thermoforming with calendering
Injection molding
Metal product manufacturing
Nylon
Symthetic rubber
Polyurethane
PVC suspension polymerised
PVC emulsion polymerised
Polyethylene
Wire drawing of steel
Welding of tank
Hot rolling steel
Copper
Chromium steel 18/8
Aluminum
Cast iron
Stainless steel
Low allow steel
Transportation to FOB
  
(c) 
 
(d) 
Figure SI3 continued.  Environmental impacts of capital equipment associated with the AS-AD system 
for select midpoint categories: (a) carcinogens, (b) respiratory inorganics, (c) respiratory organics, (d) 
ozone layer depletion, (e) global warming potential, and (f) non-renewable energy. 
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Figure SI3 continued.  Environmental impacts of capital equipment associated with the AS-AD system 
for select midpoint categories: (a) carcinogens, (b) respiratory inorganics, (c) respiratory organics, (d) 
ozone layer depletion, (e) global warming potential, and (f) non-renewable energy. 
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Figure SI4.  Environmental impacts of capital equipment associated with the AS-AD system for select 
midpoint categories: (a) carcinogens, (b) respiratory inorganics, (c) respiratory organics, (d) ozone layer 
depletion, (e) global warming potential, and (f) non-renewable energy. 
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Figure SI4 continued.  Environmental impacts of capital equipment associated with the AS-AD system 
for select midpoint categories: (a) carcinogens, (b) respiratory inorganics, (c) respiratory organics, (d) 
ozone layer depletion, (e) global warming potential, and (f) non-renewable energy. 
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Figure SI4 continued.  Environmental impacts of capital equipment associated with the AS-AD system 
for select midpoint categories: (a) carcinogens, (b) respiratory inorganics, (c) respiratory organics, (d) 
ozone layer depletion, (e) global warming potential, and (f) non-renewable energy. 
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Figure SI5.  Endpoint environmental impacts associated with varying the transportation distance to the 
FOB from 10 to 250 km.  (a) Human health.  (b) Ecosystem quality.  (c) Climate change.  (d) Resources. 
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Figure SI5 continued.  Endpoint environmental impacts associated with varying the transportation 
distance to the FOB from 10 to 250 km.  (a) Human health.  (b) Ecosystem quality.  (c) Climate change.  
(d) Resources. 
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